INTRODUCTION
The 'sweet smell of success' greeted Richard Axel and Linda B. In this review, we will discuss about the elucidation of intracel- Over the last decades, piles of data have been accumulated to understand the olfactory sensation in every aspect, ranging from the intracellular signaling to cognitive perception. This review focuses on the ion conduction through multiple ion channels expressed in olfactory sensory neurons (OSNs) to describe how odorant binding to olfactory receptors is transduced into an electrical signal. Olfactory signal transduction and the generation of the depolarizing receptor current occur in the cilia, where the unique extraciliary environment of the nasal mucosa assists in the neuronal activation. Upon contacting with odorants, OSNs dissociate G protein-coupled receptors, initiating a signal transduction pathway that leads to firing of action potential. This signaling pathway has a unique, two step organization: a cAMP-gated Ca 2+ (CNG) channel and a Ca
2+
-activated Cl -channel (CACC), both of which contribute to signal amplification. This transduction mechanism requires an outward-directed driving force of Cl -established by active accumulation of Cl -within the lumen of the sensory cilia. To permit Cl -accumulation, OSNs avoid the expression of the 'Chloride Sensor: WNK3' , that functions as the main Cl -exclusion co-transporter in neurons of the central nervous system (CNS). Cl -accumulation provides OSNs with the driving force for the depolarization, increasing the excitatory response magnitude. This is an interesting adaptation because of the fact that the olfactory cilia reside in the mucus, outside the body, where the concentrations of ions are not as well regulated as they are in normal interstitial compartments. 
Cyclic nucleotide-gated channels
Olfactory cilia contains the major components of olfactory signal transduction including high levels of Cyclic Nucleotide-Gated Channels (CNG).These channels play a significant role in mediating chemoelectrical energy conversion in olfactory cilia. The infor- mation about the odorant molecules is first transmitted as chemical information and then the CNG channel convert it into an electrical signal by the activation of ion channels across the plasma membrane. These channels consists of four subunits containing two CNGA2, one CNGA4, and one CNGB1b [6] . Each subunit has six transmembrane domains (S1-S6) and a pore region between S5 and S6 domains. A cyclic nucleotide binding site is present near the C-terminal at the cytoplasmic side in each subunit [7] . CNG channels are permeable to monovalent ions, such as Na + and K + , and also to Ca 2+ (Fig. 1 ).
The Olfactory Calcium-Activated Chloride Channels
Historically, the olfactory transduction was regarded as a system that worked similarly to the vertebrate phototransduction in a sense that it involved the activation of G protein-coupled receptors that -activated Cl -current was then found to be part of the odorant-induced current in amphibian [8, 9] and mammalian [10] OSNs. This finding provided an explanation for the observation that the olfactory response persisted even in the absence of external Na + [11, 12] . Apparently, olfactory cilia did not (Fig. 1) .
Recently, the molecular identity of the Ca
2+
-activated Cl − channels was discovered independently by three research teams [17] [18] [19] .
Studies on gene expression in the olfactory system support the concept that TMEM16B (ANO2) represents the only Anoctamin at the plasma membrane of OSNs [17] . Ano2 tops a list of genes highly enriched in OSNs over other cells of the Main Olfactory Epithelium [20] , and it is the only Anoctamin consistently identified in high amounts in mass spectrometric screens in olfactory membranes [21, 22] . No such enrichment was shown for the other Anoctamins while Ano1, Ano6, Ano8, and Ano10 are known to be expressed in the MOE [21, 23] .
Role of Calmodulin in Gating Control in Olfactory Calcium-Activated
Chloride Channels fication mechanism, as it coordinates both its excitatory and inhibitory processes (Fig. 1) .
Role of NKCC1 in signal amplification strategy of olfactory sensory cilia
The performance of the olfactory system is highly remarkable because of its odorant detection efficiency and its ability to discriminate between chemically similar odors. However, the olfactory (Fig. 1) . ORNs [28, 30, 31] . Expression of NKCC1 can be found in the ciliary layer of the olfactory epithelium. It seems that other kinases support the normal function of NKCC1 such as SPAK ("STE20/SPS1-related proline/alanine-rich kinase") and OSR1 ("oxidative stressresponsive kinase-1") [32] , as well as WNK1 and WNK4 [WNK = "with no lysine (K) kinase"] [33] . NKCC1 serves as a substrate for the two protein kinases SPAK and OSR1 [32] . These kinases are in turn activated by the protein kinases WNK1 and WNK4 [33] . Thus, WNK1 and WNK4 participate indirectly in the control of NKCC1.
Recent studies have showed that WNK1 and WNK4 phosphorylate OSR1 and SPAK [34] [35] [36] promote phosphorylation and activation of NKCC1. All four kinases, SPAK, OSR1, WNK1, and WNK4
are present in ORN cilia and are required for maximal activation of the transporter. The five proteins form a supramolecular complex: SPAK and OSR1 bind toNKCC1 [37] , whereasWNK1 and-WNK4 bind to SPAK/OSR1 [35, 36] . It is interesting to note that the kinase WNK3 is not expressed in ORNs. WNK3 shows the highest expression in the brain, and it is thought to act as a Cl -sensor involved in protecting cells from excessive Cl -accumulation [37] [38] [39] . The absence of WNK3 from ORNs all points to the fact that these neurons are at dispense with means for intracellular Cl -reduction and thus instead optimize Cl -accumulation (Fig. 1) .
OLFACTORY SIGNAL TRANSDUCTION
Olfactory signaling is triggered when odors partition from the air into the olfactory mucus and bind to ORs in the membrane of functional OR genes [40] . Binding of an odorant to an OR is transduced into an electrical signal via the sequential activation of three major signaling proteins. ORs trigger activation of the olfactory G protein (Golf), an olfactory isoform of the stimulatory Gs protein [41] , which in turn activates the MOE-specific [3] adenyl cyclase type III (ACIII) leading to the production of cAMP. The intracellular rise in cAMP levels then opens cyclic nucleotide-gated (CNG) cation channels that allow for influx of Na + and Ca 2+ from the mucus into the ciliary lumen thereby depolarizing the ciliary mem-
brane. An additional crucial amplification step follows the initial depolarization by CNG channels: the influx of Ca 2+ activates calcium activated chloride channels (CACC) that mediate a secondary depolarizing Cl -efflux, which accounts for the majority of the receptor current (Fig. 1 ). The transduction current carried by these olfactory ion channels induces slow and graded receptor potentials which summate at the soma and, upon reaching the threshold level, eventually trigger action potentials and neuronal activity.
Olfactory signal transduction has been intensively studied and its importance for olfaction has been clearly established with knockout studies. In OSNs from mice lacking Golf [42] , ACIII [43, 44] or the α-subunit of the CNG channel CNGA2 [4, 45] , receptor potentials in response to odorants were virtually abolished in electro olfactogram (EOG) measurements. These knockout mice showed major deficits in olfactory behavioral tasks and different odor-guided behaviors were impaired. This included the lack of suckling behavior, which manifests in high postnatal death rates due to the inability to feed, and deficits in sexual and aggressive behavior that have been reported for CNGA2 and ACIII knockout mice [4, 44, 45] .
The lack of olfactory input in these mice was also reflected in reduced expression of activity-dependent markers in the olfactory bulb [46, 47] .
SIGNAL TERMINATION AND ADAPTATION IN OLFACTORY SIGNALLING
Olfactory signal termination and adaptation ensures high olfac- primarily functions to terminate OSN responses [49] (Fig. 1) . Second, Ca 2+ leads to activation of CaM-dependent protein kinase II (CaMKII), which is thought to shape activation kinetics since its inhibition results in changes of the latter (Fig. 1) . Third, Ca 2+ extrusion mechanisms play a crucial role in signal termination and adaptation. The activity of sodium-dependent Ca 2+ exchangers [50, 51] , ATP-dependent Ca 2+ pumps [52, 53] , and the potassium-dependent Na + /Ca 2+ exchan ger [54] have been implicated in the process (Fig. 1) . The olfactory response is also shaped by cAMP removal by phosphodiesterase (PDE). PD E1C and PDE4A have been detected in OSNs and when both these enzymes are lacking, response termination is slowed [55] (Fig. 1 ). 
SUMMARY AND FUTURE PERSPECTIVES

